The aim of this study was to apply the central composite design technique to study the interaction of the amount of formic acid (6-12 mL), amount of hydrogen peroxide (6-10 mL), temperature (54-58°C) and reaction time (40-60 min) during the oxidative desulphurisation (ODS) of tyre-derived oil (TDO). The TDO was oxidised at various parametric interactions before being subjected to solvent extraction using acetonitrile. The acetonitrile to oil ratios used during the extraction were 1:1 and 1:2. The content of sulphur before and after desulphurisation was analysed using ICP-AES. The maximum sulphur removal achieved using a 1:1 acetonitrile to oxidised oil ratio was 86.05%, and this was achieved at formic acid amount, hydrogen peroxide amount, temperature and a reaction time of 9 mL, 8 mL, 54°C and 50 min respectively. Analysis of variance (ANOVA) indicated that the reduced cubic model could best predict the sulphur removal for the ODS process. Coefficient of determination (R 2 = 0.9776), adjusted R 2 = 0.9254, predicted R 2 = 0.8356 all indicated that the model was significant. In addition, the p-value of lack of fit (LOF) was 0.8926, an indication of its insignificance relative to pure error.
Introduction
Let F denote a eld and let V denote a vector space over F with nite positive dim pair A, Ato meet both personal and commercial transport needs. The amount of waste tyres dumped all over the world is approximately 1.5 billion [1, 2] , of which the percentage taken for reuse is only 15-20% [3] while the remainder is simply dumped into the earth. As waste tyres are increasingly dumped, it is necessary that a suitable way of utilising them is explored. Despite the fact that part of these wastes is recycled, the proportion recycled is small given the continuous accumulation of these scraps [4] . At the same time, owing to the rising concerns of crude oil prices and environmental impacts governments have been forced to pay particular attention to the development of alternative fuels [5] .
Tyres contain over 100 different substances such as steel, rubber, silica gel, carbon black, zinc oxide, sulphur among other additives. During the manufacture of tyres, the rubbers commonly used are butadiene rubber, natural rubber and styrene-butadiene rubber or the blends of these three types. When rubber is subjected to prolonged effort or mild temperatures, plastic deformation occurs due to the sliding of polymer chains [6] . These components decompose at various temperature ranges. The behaviour of thermal decomposition of waste tyres is dependent upon the kind of rubber as well as its contents [7] [8] [9] .
The valorisation of waste plastics and tyres contributes to a reduction in fossil fuel consumption and a deceleration of climate change [10] . Energy recovery is considered an attractive option for recycling since scrap tyres have high gross calorific value (33-35 MJ kg -1 ) and volatile compound content [11] . Tyres also have higher heating values in comparison with that of materials such as coal [12, 13] . Pyrolysis can potentially be involved in the recovery of energy from waste tyres. By definition, pyrolysis is simply a thermal degradation process (in an oxygen-free environment), in which the organic volatile matter in the tyres is transformed into products with low molecular weight, while the inorganic constituents, majorly from carbon black and steel are retained as solid residue [14] . The main products of the waste tyre pyrolysis process are tyre-derived oil, the non-condensable gases and char.
The major limitation of the utilisation of tyre-derived oil in a wider range of application in real combustion processes is its high sulphur content of between 10000 to 14000 ppm [15] . Pilusa [16] recently used crude tyrederived oil with a sulphur content of 11450 mg/kg in a study to test its performance in internal combustion applications. However, it is important to note that the content of sulphur in the tyre-derived oil could be lower than the aforementioned ranges depending on the original composition of the waste tyre. The method commonly used for the removal of organosulphur compounds in the oil refinery industry is hydrodesulphurisation (HDS). This process can remove large sulphur amounts in fuels, but its shortcoming lies in the need for high temperature for the reaction (300-400°C) and high pressure of hydrogen (30-130 atm) with availability of active catalysts contained in huge reactor volume in order to facilitate the conversion of sulphur compounds to hydrogen sulphide [17] [18] [19] . Tyrederived oil contains Dibenzothiophene (DBT), and as such HDS may not be effective in their treatment due to the steric sulphur atom hindrance [20, 21] . From studies on hydrodesulphurisation of diesel fuels, there has been an indication that alkyl-Dibenzothiophene consisting of alkyl groups at 6-and/or 4-position are the organosulphur compounds that remain at levels below 0.1 wt%. These compounds, which are categorised as extremely refractory, have a low reactivity during hydrodesulphurisation [22, 23] .
Since tyre-derived oil is produced mainly on small scale basis, the application of HDS for sulphur content reduction is limited. Due to the high operating conditions and the need for expensive catalysts in the HDS system, oxidative desulphurisation has in the recent past been considered a complementary technology for deep desulphurisation [24] . The ODS process utilises milder operating conditions. The oxidative desulphurisation process occurs in two stages. First, the organic sulphur compounds are oxidised to their corresponding polar sulphoxides and sulphones using oxidising agents. This is followed by the removal step, in which the sulphoxides and sulphones are extracted using polar solvents [17, 24, 25] . Figure 1 shows the chemical reaction that takes place during the conversion of the sulphur-containing compounds into polar sulphoxides and sulphones. In an ODS process, hydrogen peroxide or its mixture with a strong or organic acid is used to boost the efficiency of sulphur removal [26, 27] . As opposed to the cases in conventional liquid fossil fuels, the sulphur compounds contained in the TDO present themselves in the forms of polycyclic aromatic sulphur heterocycles such as Dibenzothiophene and its derivatives [28, 29] .
Peroxyacids, as oxidants, are very effective [30] . In a study carried out by Zannikos et al. [31] on desulphurisation of petroleum fractions at mild conditions using combined oxidation and liquid-liquid extraction, 90% sulphur removal was achieved. A number of ODS studies involving the use of hydrogen peroxide and acetic acid, hydrogen peroxide and formic acid and sulphuric acid have been carried out by different researchers [24, [32] [33] [34] [35] . The use of hydrogen peroxide during ODS has been widespread since its conversion leads to complete decomposition into H 2 O and oxygen, and therefore no pollutants are produced in the process [36] . Moreover, the use of H 2 O 2 with an acid during the ODS can speed up the desulphurisation process.
In a study carried out by Ali et al. [37] with incorporation of hydrogen peroxide and formic acid, a reduction in the fuel sulphur content from 1044 mg/L to 100 mg/L was achieved. In another study by Ali et al. [38] using hydrogen peroxide and acetic acid as part of the oxidation system in presence of sulphuric acid catalyst, a 90% reduction in the content of sulphur in petroleum products was reported. Recently the ability of sulphuric acid to act as a desulphurisation agent was investigated by Nabi et al. [39] . In the study, 8% concentric hydrosulphuric acid together with TDO was subjected to stirring after which the mixture was left to settle for forty hours, forming two distinct layers. It was found that the raw oil was dark reddish in colour while the desulphurised oil was yellowish.
Solvent extraction, also commonly termed liquidliquid extraction is a compounds' separation technique that utilises the differences in the relative solubilities of two immiscible liquids, commonly an organic solvent and water. It refers to solute distribution between two immiscible liquid phases that are in contact with each other [40] . The separation of extremely polar sulphoxides or sulphones from the non-polar compounds in the oxidised oil can be achieved through solvent extraction [24] .
by making use of a polar solvent. Acetonitrile, owing to its relatively low boiling point of 355 K, is considered an optimal solvent for use during extraction. In addition, its separation from sulphone solutes via distillation at a boiling point range of 550-950 K is much easier [23] . Sulphur compounds in the light fraction of oil, by virtue of being highly polar, are spread across the acetonitrile phase [41, 42] . In a study carried out by Murata et al. [43] using acetonitrile as the extraction solvent, the sulphur content in the oil was reduced by 80%. Similar results were obtained in another study conducted by Shiraishi et al. [44] .
Response surface methodology (RSM) is among the best techniques used to empirically study the relationship between one or more estimated response functions [45] . RSM makes use of statistical and mathematical methods to depict the domain of all practicable solutions for a process model, and once the model development is completed, process optimisation can be conducted devoid of a trial and error procedure [46] . RSM constitutes selected statistical and mathematical methods used for the analysis of problems in which the input variables influence the responses [47] . Regression analysis, with basis on polynomials, is used to define the relationship between the input variables and the responses.
Studies on the application of oxidative desulphurisation for sulphur reduction in both model diesel fuels [37, 48, 49] and tyre-derived oil [23, 24, 32, 35] have previously been carried out. Most of these studies, however, have been conducted at constant temperatures and reaction time while varying only the ratio of the oil to the acid and/or H 2 O 2 during the oxidation stage of the ODS process. Conventionally, during the optimisation of process parameters, the approach used is the one in which one variable is changed at a time whereas the other factors are kept constant. The drawback of this classical approach is that a lot of time is consumed and there is need for many experiments to be carried out. In addition, the one-factorat-a-time method does not provide information on the interactive effects of process variables at a single time. The RSM is one of the statistical optimisation methods that can be used to eliminate the shortcomings associated with the one-factor-at-a-time approach [50] . As far as we know, there is no trace of studies that have involved the investigation of parametric interactions during the study of the oxidative desulphurisation of tyre-derived oil. Due to the limited data and information in the previously conducted studies, in terms of parametric interactions, the present study is therefore justified.
The purpose of this work was to study the oxidative desulphurisation of tyre-derived oil with the incorporation of parametric interaction option by applying the "small" central composite design (CCD) technique of the response surface methodology. The parameters whose interaction was invistigated were the temperature, reaction time, amount of formic acid and the amount of hydrogen peroxide. Model-fitting and analysis of variance (ANOVA) yielded the reduced cubic model (RCM) for the prediction of sulphur removal. The optimisation of the process was also performed by setting the goals of the parameters to be within the range of the design space while the goal of the respones was set to "maximise".
Materials and methods

Materials used in the study
The tyre-derived oil (with a sulphur content of 8689 mg/L) used for the oxidative desulphurisation experiments was obtained from FFS Refiners, Durban, South Africa. Hydrogen peroxide (50 wt%) and formic acid with a concentration of 95 wt% were purchased from Shalom Laboratory supplies, South Africa. The hydrogen peroxide was used as received whereas the formic acid was further subjected to dilution to a concentration of 85 wt%. Acetonitrile with a concentration of 99.8% was supplied by Macron Fine Chemicals TM , and was also used as received. The equipment utilised for the oxidation stage of the oxidative desulphurisation experiments consisted of a water bath (temperature-controlled), a 250 mL roundbottom flask, a reflux condenser and a mechanical stirrer with customised blades and shaft. The liquid-liquid extraction was carried out using a 60 mL separatory funnel.
Procedure for the oxidative desulphurisation of the oil
The oxidative desulphurisation experiments were conducted using a water bath, placed in a fume cupboard. The stirring speed and the amount of TDO in all runs were kept constant at 300 rpm and 100 mL respectively. During the experiments, the temperature needed for a given run was first set on the water bath. This was followed by the transfer of the TDO amount (100 mL in all experiments) into the round-bottom flask. The required volumes of hydrogen peroxide and formic acid were then transferred into the round-bottom flask after which the reflux condenser was connected.
The flask was then clamped and placed in the water bath, while setting and monitoring the reaction time simultaneously. The water bath was switched off at the end of the set reaction time. The round-bottom flask was then removed from the water bath, and the oxidised TDO was transferred to a beaker ready for solvent extraction. Acetonitrile was used for solvent extraction. The acetonitrile to oxidised oil ratios used were 1:1 and 1:2. During the 1:1 solvent to oil ratio extraction process, 10 mL of the solvent and 10 mL of the oxidised TDO were transferred into a separatory funnel, whereas for the 1:2 solvent to oil ratio case, 5 mL of the solvent (acetonitrile) and 10 mL of the oxidised TDO were transferred into a separatory funnel. This was followed by vigorous manual shaking of the mixture (with repeated venting for pressure release) for approximately three minutes. The mixture was then charged with deionised water (10 mL) and left to settle for five minutes, where the aqueous layer was formed at the bottom while the oil layer was formed at the top. In order to separate the two phases, the stopcock was opened to allow lower aqueous phase to be collected at the bottom, while the oil phase was collected from the top. The two layers were collected at different sections of the separatory funnel to ensure the two phases did not mix.
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to analyse the content of sulphur in both the original and the desulphurised tyre oils. The percentage reduction in sulphur content of the TDO was calculated using Eq. 1.
where S 0 (mg/L) is the content of sulphur in the TDO before desulphurisation while S f (mg/L) is the content of sulphur in the oil after desulphurisation.
ICP-AES analysis procedure
The ICP-AES analysis for sulphur content determination in the original and desulphurised tyre oils was conducted using Thermo Scientific iCAP 6000 ICP Spectrometer with a radio frequency (RF) power of 1.35 kW. Argon was used as both the carrier gas and auxiliary gas. The flow of the carrier and auxiliary gases was maintained at 0.65 and 1 L/min respectively. On the other hand, the rate of flow in the MicroMist nebuliser was kept at 2 mL/min. The standard used internally for sulphur was 1 µg/mL Yttrium. MARS microwave digester (CEM Corporation) was used for microwave digestion of the oil samples before the ICP-AES analysis. One millilitre of hydrogen peroxide and 6 mL of 2% HNO 3 were added to the TDO samples during the microwave digestion. In the process of microwave digestion, the level of power was set at 100% of 1600 W. The hold time, pressure and ramp time for the digestion process were 10 min, 800 psi and 25 min respectively. The introduction of the digested oil samples into the spectrometer was done with the aid of a peristatic pump through an auto sampler. The samples were then passed through a nebuliser, producing fine aerosols. The large droplets were removed using a spray chamber whereas the smaller ones were passed to the plasma. In the plasma, the solvent vaporised while the residual sample got atomised and ionised. The ions (in the plasma) were excited, leading to emission of characteristic light. The light was measured by Echelle optical design with charge injection device solid-state detector. The accuracy (recovery) of the of the control standard was 100.1%. In order to process the data from the spectrometer, the iTEVA software was used.
Design of experiments
The design and analysis of experiments was carried out with the aid of the Design-Expert® Software Version 10-Stat-Ease. The central composite design of the response surface methodology was applied in the investigation of the interaction of the parameters involved in the ODS of the tyre-derived oil. There are two available options for the CCD in Design-Expert. The first option is the full design while the second option is the "small" design. The "small" CCD is only applicable if the factors involved are more than two. In the present study, the "small" CCD, which is the minimal-point designs required for the estimation of the terms in a second order model, was used to generate the experimental runs and analyse the sulphur removal in the tyre-derived oil.
Response surface methodology is a set of statistical and mathematical techniques applied in the analysis of the effects of independent variables and the determination of the optimum conditions of a process [51] . The most common response surface methodology design matrices are the CCD, Box-Behnken design, small CCD and orthogonal design, which incorporates the fractional and 2 k factorial design points [52] . The central composite design is the most widely used technique in application [50] , and it can be efficiently used to fit the data from experimental runs in the second-order model [53] . Moreover, RSM can accurately predict the optimised condition using a minimum number of experimental runs [54] .
The design points for a CCD are the star points (also called axial points), centre points and two-level factorial/fractional factorial design points. All possible combinations of +1 and -1 are contained in the two-level factorial component of the design. For instance, in the two factors scenario, four design points exist i.e. (-1, -1),  (+1, -1), (-1, +1) and (+1, +1) . On the other hand, for axial points, all of the factors apart from a single factor (with the value of +/-α) are set to 0. The axial points for a two factor scenario are (-α, 0) (+α, 0) (0, -α) (0, + α). As the name suggests, the centre points are points in which all levels are set to coded level 0 i.e. the middle point (0, 0) of the range of each factor. To obtain a good estimate of pure error (experimental error), the centre points are repeated between 4-6 times. Eq. 2 can be used to determine the total number of experiments (N) for a central composite design [55] . On the other hand, Eq. 3 can be used to calculate the total number of experimental runs for a "small" CCD [47, 56] .
where k is the number of factors, 2k the axial points, N 0 the centre points and 2 K the factorial points [57] . The number of experiments for complete replication of the design increases sharply as the number of factors, k increase [58] . The centre point in the CCD aids to determine the experimental error. The distance from the centre points to the axial points depends on the number of factors [59] . In a central composite design, five levels of each factor are required. These levels are -α, -1, 0, 1, and α. One of the exceptional features of a CCD is the capability of its structure to lend itself to sequential experimentation. The coded and uncoded forms of the factors are correlated according to equation:
where x i represents the actual value of the ith variable in uncoded terms, x o is the mid-level value of x i , while Δx denotes the step change [53] . Table 1 shows the design ranges for the 4 factors investigated during the oxidative desulphurisation of the TDO in the present study. These ranges were chosen, partly, based on the ODS studies carried out previously [23, 24, 32] . Based on the design criteria ("small" CCD option), the total number of runs obtained for each of the solvent extraction scenarios was 21. The runs consisted of eight, five and eight axial points, centre points and factorial points respectively.
The first order and second order models are the most common polynomial functions for approximation [60] . Eq. 5 shows the first order polynomial function while Eq. 6 presents the second order polynomial. Eq. 6 can aid in the determination of the correlation between the response and the variables involved in a process [50, 55, 61, 62] .
where ε is the error, X i and X j are independent variables, β 0 is a constant coefficient, β i the coefficient for linear interaction effect while β ii and β ij are the coefficients for quadratic interaction effect. Table 2 presents the sulphur removal percentages for various parametric interactions as obtained using the CCD. The sulphur removal was in the range of 34.02 to 86.05% for the various parametric interactions using a 1:1 acetonitrile to oxidised TDO ratio for the solvent extraction while sulphur removal values ranging from 27.91 to 52.77% were achieved when a 1:2 acetonitrile to oxidised TDO ratio was used. It can be seen that the highest sulphur removal was achieved in the case when a 1:1 acetonitrile to oxidised TDO ratio was used during the solvent extraction step. The results from this case were therefore used further to model the ODS process of the tyre-derived oil. 
Results and discussion
Results of sulphur removal in the tyrederived oil
Model fitting and diagnosis
The model results presented further are those for the sulphur removal in which a 1:1 acetonitrile to oxidised TDO ratio was used during the solvent extraction. Preliminary results of model fitting suggested that the quadratic model is a better predictor of sulphur removal during ODS. However, a negative predicted R 2 value indicated that, in fact, the overall mean is better predictor of the sulphur removal than the suggested model. The summary of model statistics is presented in Table 3 .
Due to the negative value of the predicted R 2 , model modification was performed in order to improve the model's sulphur removal predictability. In the model reduction procedures, the backward selection was used for p-value criterion, Akaike information criterion (AICc) and Bayesian information criterion (BIC). On the other hand, 'all hierarchical' selection was applied when the adjusted R 2 was used as the reduction criterion. The summary of model reduction tests based on various criteria is presented in Table 4 . The reduced cubic model (RCM) obtained using BIC as the reduction criterion had the highest predictability compared to the suggested quadratic model and the other reduced cubic models and reduced quadratic models (RQM). The selected RCM was used in subsequent analysis and presentation of model results for sulphur removal in the tyre-derived oil.
Model analysis
The obtained reduced cubic model (RCM) in terms of coded factors for the sulphur removal in the tyre-derived oil is presented in Eq. 7. This model shows the relationship between the dependent variable (sulphur removal) and the independent variables. In Eq. 7, the synergetic and antagonistic effects are represented by the positive and negative signs that appear before the linear terms respectively. Eq. 7 can predict the sulphur removal for particular levels of each factor, in which case the factors' low and high levels are coded as −1 and +1 respectively. 6.37CD 6.01A 2 6.51B 2 1.64C 2 2.79D 2 6.75A 2 C (7) The ANOVA results for the sulphur removal in the tyre-derived oil are presented in Table 5 . These results are based on the reduced cubic model obtained after the model modification. The F-value of the model is 18.72 which means that the model is significant, in the sense that there is only a 0.09% chance that an F-value of this magnitude could be due to noise. The number of significant model terms outweighs the non-hierarchical insignificant terms, which implies that the model fits well the experimental data. Moreover, the lack of fit (LOF) F-value of 0.12 shows its insignificance in comparison with pure error i.e. there is an 89.26% possibility that such a large F-value for the LOF could be because of noise. The insignificant LOF implies that the model fits well. The coefficient of determination, R 2 value of 0.9776 implies that the empirical model could explain the over 97.76% of the data deviation, an indication of statistical significance of the regression model. The obtained adjusted R 2 value of 0.9254 indicates that the correlation between the experimental and predicted responses is high. In addition, the difference of less than 0.2 between the adjusted R 2 = 0.9254 and predicted R 2 = 0.8356 indicates that the two values of the coefficient of determination were in reasonable agreement. The adequate precision, which is the measure of the signal to noise ratio was 16.878 (>4), a desirable value with an adequate signal. This, therefore, implies that the model can be applied for design space navigation.
Diagnostics plots
The plot of predicted sulphur removal versus experimental values is presented in Figure 2 . It can be seen that there is a good agreement (R 2 = 0.9776) between the predicted and actual sulphur removal, an indication that the model is adequate and significant, and thus can perfectly be used to reproduce the experimental data in the range studied. Figure 3 shows the plot of externally studentized residuals against the run number. There is a random dispersal of residuals around the line, which is also an indication of the adequacy of the reduced cubic model. Figure 4 presents the normal probability plot of the externally studentized residuals. There is a consistent appearance of the data points obtained on a linear trendline (Figure 4) , which signifies the absence of obvious dispersal, and that the residuals are normally distributed.
Perturbation plot
The perturbation plot showing the sulphur removal as a function of all factors on one graph is presented in Figure 5 . This plot indicates the behaviour of the change of the response as each factor deviates from the selected point of reference, with the other remaining factors being constant at the reference value. The reference point in this case is set at the mid-point of the design space i.e. the coded zero level of each factor. The perturbation, therefore, shows how the factorial level deviates from the modified reference point of all the factors. It can be seen that, formic acid amount (A), hydrogen peroxide amount (B), Temperature (C) and reaction time (D) are the parameters involved in the control of sulphur removal in the tyre-derived oil ( Figure 5 ). The sharpness of the formic acid and temperature curvatures is an indication of high sensitivity of sulphur removal to these two factors. The reaction time showed a slightly sharper curvature than the hydrogen peroxide amount (flattest of all factors), which indicates that it had more influence on sulphur removal than the amount of hydrogen peroxide. However, the influence of the reaction time on sulphur removal was lower compared to that of either the amount of formic acid or temperature. 
Interaction graphs
The two-factor interaction plots for AB (formic acid and hydrogen peroxide amounts), AC (formic acid amount and temperature), AD (formic acid amount and reaction time), BD (hydrogen peroxide amount and reaction time) and CD (temperature and reaction time) at mid-level points of the other two factors are presented in Figures  6-10 , respectively. Least-significant-difference (LSD) bars in the interaction graphs are used to determine if a difference between two means exists. The height of the bar is dependent upon the design, confidence level and the model. The LSD can aid in testing for a significant difference in predictions if a significant overall model result is obtained from ANOVA. The interaction plots show the average LSD I-beams around the predictions. There is a high likelihood of significant differences in predictions if there is no overlapping of the I-beams [56] . If the lines are not parallel (i.e. do not cross each other) in the interaction plots, then there is an indication that the effect of one factor is dependent upon the level of the other [63] . Figure 6 shows the interaction plot of AB at midlevels of factors C and D. The black line indicates what happens to the sulphur removal as the amount of formic acid changes from low to high level while the amount of hydrogen peroxide is held at low level (6 mL). The red line, on the other hand, shows the variation of sulphur removal with amount of formic acid when the amount of hydrogen peroxide is held at high level. It can be seen that there is a significant difference between the two levels of the amount of hydrogen peroxide when the formic acid amount is set at either low (6 mL) or high (12 mL) level. This is because the LSD bars do not overlap in either case. Figure 7 presents the interaction graph of factor A (amount of formic acid) and factor C (temperature) when factor B (amount of hydrogen peroxide) and factor D (reaction time) are set at mid-levels. It can be seen that there is not a significant difference in the two levels of temperature when the amount of formic acid is set at either low or high level. This is because the LSD bars overlap at both ends. It can also be noted that the plot exhibits an insignificant difference between the low and high level of the amount of formic acid when low temperature is used. However, the difference is more significant at high level of temperature.
The interaction graph of the amount of formic acid and the reaction time at mid-levels of the amount of hydrogen peroxide and temperature is presented in Figure 8 . It can be seen that there is not a significant difference in the two levels of the reaction time when the amount of formic acid is set at low level since the LSD bars overlap. However, when the amount of formic acid is set at high level, the difference in the two levels of the reaction time is significant. Figure 9 presents the interaction graph of the amount of hydrogen peroxide and the reaction time at middle levels of the temperature and the amount of formic acid. It can be deduced that at high level of the amount of hydrogen peroxide, there is a significant difference in the two levels of the reaction time. However, at low level of hydrogen peroxide, the difference in the two levels of the reaction time is insignificant. Figure 10 shows the interaction plot of the temperature and the reaction time at mid-levels of the amount of formic acid and the amount of hydrogen peroxide. It can be seen that at low level of the temperature (50°C), there is a significant difference in the low and high levels of the reaction time. The case is different when the temperature is set at high (58°C) level, where, as evidenced by the overlapping LSD bars, the difference in the two levels of the reaction time is insignificant. The sulphur removal is enhanced as the temperature increases from low to high level when the reaction time is kept at high level. It can also be seen that at higher level of temperature the reaction time did not have any influence on the sulphur removal. This could be attributed to the fact that at higher temperatures, the sulphur-containing compounds in the tyre oil are converted to sulphones and sulphoxides much faster and therefore prolonging the reaction time does not lead to any further conversion. Similar observations were made in a previous study conducted by Al-Lal et al. [24] , where prolonged reaction times did not significantly affect the sulphur removal.
Optimisation of the ODS process
Numerical optimisation was used to determine the optimal conditions for the sulphur removal in the TDO. The optimisation method used by Design-Expert® Software is based on a technique developed by Derringer and Suich [64] , and its description can be found in [65] . The parameters' goals were set to be within the range of the design space while the goal of the response was set to 'maximise', with lower and upper limits of 85 and 90 respectively. Under the aforementioned optimisation criteria, the ramps results (with a response desirability of one) shown in Figure 11 were obtained. The amount of formic acid of 11.96 mL, amount of hydrogen peroxide of 7.56 mL, reaction temperature of 50.1°C and reaction time of 40.7 min could be used to achieve a 90.18% sulphur removal in the tyre-derived oil. In addition, a desirability value of one is an indication of an ideal case for the sulphur removal. The optimisation criteria is presented in Table 6 .
Conclusion
This study focused on the understanding of the interaction of different factors involved in the oxidative desulphurisation of tyre-derived oil. This was done using the central composite design. The amount of formic acid, amount of hydrogen peroxide, reaction time and temperature were the four factors whose interactive effect on sulphur removal was investigated. The TDO was oxidised at various parametric interactions before being subjected to solvent extraction using acetonitrile. The acetonitrile to oxidised TDO ratios used during the extraction were 1:1 and 1:2. The maximum sulphur removal obtained using a 1:1 acetonitrile to oxidised TDO ratio during the solvent extraction step was 86.05%, and this was achieved at the formic acid amount, hydrogen peroxide amount, temperature and reaction time of 9 mL, 8 mL, 54°C and 50 min respectively. ANOVA results (as backed by statistical parameters) indicated that the reduced cubic model was the best predictor of sulphur removal for the ODS process. This is a novel study on the interaction of temperature, reaction time and the oxidation system associated with the oxidative desulphurisation of tyre-derived oil. 
